Cyanidin (CY), one of the most common anthocyanins, has a high radical-scavenging efficiency that can be compared with that of the flavone, quercetin (QU). Owing to the oxonium ion, CY exhibits diverse structures (isomers) in different (pH) environments. In this paper, to elucidate the high potency of CY as a radical scavenger, a combined density functional theory (DFT) method, labeled as (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1, was employed to calculate the O-H bond dissociation enthalpies (BDEs), proton dissociation enthalpies (PDEs) and ionization potentials (IPs) of various CY isomers in acetonitrile and then the parameters were compared with those of QU. The comparable BDEs, PDEs and IPs of CY (in various forms) and QU account well for CY's high radical-scavenging activity in different environments. In addition, through estimating the contribution of each group to the BDEs and IP of the CY cation, some deeper insights into the antioxidant power of CY were obtained.
Anthocyanins are natural flavonoids. In comparison with other flavonoids, anthocyanins are featured by the oxonium-ion in ring C. Anthocyanins exhibit various pharmacological activities, including anticancer, anti-inflammatory and antioxidant effects [1] [2] [3] [4] . Although the antioxidant mechanisms and the structure-activity relationships (SARs) for flavonoids have been intensively studied by theoretical methods [5] [6] [7] [8] [9] [10] [11] , little attention was paid to the SARs of anthocyanins. Thus, many interesting questions remain open, for example, how to explain the comparable antioxidant power of the anthocyanin cyanidin and the flavone quercetin (CY and QU, Figure 1 ) [12, 13] . CY and QU have similar structures, that is a conjugated aromatic system and five phenolic hydroxyl groups located at the 3, 5, 7, 3' and 4' positions. However, owing to the oxonium ion of ring C, CY's structure is diversified under different environments. As shown in Figure 2 , CY preserves its oxonium ion structure in strongly acidic solutions, while producing quinoid isomers (for example I and II) and chalcone (IV) under neutral or weak acidic condition [12] . Hence, it is challenging to postulate similar antioxidant activities of CY and QU in different environments [12] . In addition, it is of special interest to investigate the effect of the electron-deficient oxonium ion on CY cation's antioxidant activity. In view of the successful use of density functional theory (DFT) methods in clarifying the radical-scavenging mechanisms and elucidating the SARs for various antioxidants [14] , we have attempted to address the issue by DFT calculations. suggesting that isomers I and II are more active than QU in donating H-atoms.
As to the electron-donating ability, the IPs of both isomers (96.14 kcal/mol and 97.38 kcal/mol, respectively) are ~20 kcal/mol lower than that of parent QU (121.18 kcal/mol) ( Table 1) , indicating that the former are stronger electron donors than the latter. However, considering the possible deprotonation of QU and the important role of QU anions in electron-transfer-based antioxidant effects [11, [15] [16] [17] [18] , the IPs for QU anions were also calculated to compare with those of both isomers. As shown in Table 1 Besides quinoid isomers, in neutral and weak acidic systems, chalcone can also be derived from CY (Figure 2) [12, 19] . As shown in Table 2 , the O-H BDEs of the chalcone are close to those of CY isomers I and II. In combination with the similar IPs of chalcone and QU (in neutral or weak acidic solution, the deprotonation of QU can be neglected) (119.25 kcal/mol vs 121.18 kcal/mol) ( Table 1) , it can be inferred that CY chalcone is comparable with QU as a radical scavenger.
In conclusion, the comparable antioxidant power of CY and QU in neutral and weak acidic environments can be elucidated in terms of H-atom donation, proton dissociation and electron donation. Secondly, we attempted to elucidate the comparable antioxidant activity of CY and QU in strongly acidic environments [12] , in which CY exists in a positively charged state. One may argue that, according to the substituent effects on O-H BDEs and IPs, the electron-withdrawing oxonium-ion of ring C is not favorable to enhancing the H-atom-and electrondonating ability of the CY cation. As a result, the antioxidant power of the CY cation may be weaker than that of QU. However, as shown in Table 3 Table 3 ) are owned by different hydroxyls. For the CY cation, 3-OH has the lowest BDE, implying that this is the initial H-atom-donating site, while for QU, 4'-OH is the most active group, which has been ascribed to the catecholic structure of ring B [5, 9] . The phenoxy radical derived from 4'-OH could be well stabilized through the intramolecular hydrogen bond (IHB) formed between 3'-OH and 4'-O . and through the electron-donating property of 3'-OH as well [5, 9] . In addition, the electron-donating property of 3-OH also makes some contribution [8] . In comparison, the 4'-OH BDE of the CY cation is ~3 kcal/mol higher than that of QU, displaying the electron-withdrawing effect of the oxonium ion in ring C.
Nevertheless, the more active 3-OH of the CY cation in comparison with QU (with O-H BDEs of 80.03 kcal/mol vs 83.27 kcal/mol, Table 3 ) needs an explanation. Considering that QU holds an IHB between 3-OH and 4-oxo, but the CY cation does not (Figure 1 ), we speculate that the IHB plays a role in attenuating the H-atom-donating potential of 3-OH in QU by retarding the H-atom abstraction. Through (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1 calculation, the IHB in QU is estimated to be 2.18 kcal/mol, which offers theoretical evidence to support the explanation.
As to electron-donating ability, the positively charged CY cation is unlikely to be a good electron donor. It is true that in the gas phase the CY cation is much less potent than QU in electron donation, with IPs of 246.34 kcal/mol vs 167.60 kcal/mol. However, in medium polar solvents like acetonitrile, the solvent effect tends to stabilize the charged species and thus abate the IP difference between the CY cation and QU (138.78 kcal/mol vs 121.18 kcal/mol, Table 1 ).
In conclusion, despite the lower potential of CY than QU as an electron donor, CY is comparable with QU in donating H-atom, which endows CY with rather strong antioxidant power.
The unique oxonium-ion structure of the CY cation aroused our interest to investigate each structural factor's contribution to BDEs and IP of this cation. Thus, several model molecules were designed and corresponding BDE and IP values were calculated. ( Table 4 ). By comparing the results, we can estimate each structural factor's contribution. The difference between BDEs of 1 and 2 (2.62 kcal/mol) indicates that a meta-OH substitution has a slight influence on BDE (the meta-OH effect in the gas phase is more trivial, being less than 1 kcal/mol). The BDE difference between 2 and 3 (~14 kcal/mol) reveals that the oxonium ion in ring C has a strong passive effect on O-H bond (the oxonium ion effect in the gas phase is also ~14 kcal/mol), which is much stronger than the passive effect of 1,4-pyrone in ring C of QU (~2 kcal/mol) [9] . From the BDEs of 3 and 4, we can infer that the electron-donating property of 3-OH reduces the BDEs of 5-and 7-OH by ~6 kcal/mol. The difference between BDEs of 4 and 5 displays the influence of resorcinolic ring A, an electron-donating group, to 3-OH BDE (~20 kcal/mol). Finally, the BDE differences between 4 and the CY cation indicate that catecholic ring B also makes a contribution (4 ~ 9 kcal/mol) to lowering the BDEs of rings A and C. The above analyses reveal that resorcinolic ring A makes the most contribution to lowering the BDE of 3-OH in CY, while catecholic ring B also plays a role.
A similar analysis on IPs of the model molecules shows that IP is influenced by similar substituent effects to those on BDE, namely, electron-donating groups tend to reduce the IP, while electronwithdrawing groups have an opposite effect. Moreover, ring A also contributes most to reducing the IP of CY.
In summary, despite the diverse isomers of CY in different environments, it exhibits similar antioxidant activity to QU, which is elucidated in this paper in terms of theoretical parameters characterizing Hatom donation, proton dissociation and electron donation. First, in neutral and weak acidic systems, CY exists in a non-charged state and thus the strong electron-withdrawing effect of the oxonium ion does not work, which results in the comparable antioxidant power of CY and QU. Second, in a strongly acidic environment, CY exists as a cation. Although the oxonium ion indeed attenuates CY cation's H-atomand electron-donating power, the substitution of electron-rich rings A and B greatly improves the antioxidant power of the CY cation. In addition, the lack of IHB in ring C and the solvent effect further abate the passive effect of the oxonium ion. All of these positive effects endow the CY cation with a rather high antioxidant power.
Experimental
Theoretical parameters: According to the current knowledge on antioxidant mechanisms [14, 20] , at least two pathways are implicated in the radical (for example, RO)-scavenging processes of phenolic antioxidants (ArOH). The first one involves a direct H-atom transfer reaction (Eq. 1), which is preferred in non-polar solvents [21] [22] [23] and can be characterized by BDEs of ArOH [24] [25] [26] [27] [28] [29] . The second one is a proton-coupled electron-transfer process (Eq.
2), which is favored in polar systems [30] [31] [32] and can be measured by IPs of ArOH or ArO − (provided that ArOH tends to deprotonate, which can be predicted by PDE) [7, 33] . The lower the parameters are, the stronger the radical-scavenging ability. RO . + ArOH → ROH + ArO .
Calculation methods: In this paper, BDEs, PDEs and IPs for all of the molecules were calculated by a combined density functional theory (DFT) method, labeled as (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1 [7, 11, 34] . The detailed calculation procedures are as follows. First, semiempirical method AM1 [35] was used to optimize the molecular geometries and determine the vibrational frequencies. Then, singlepoint electronic energies (SPEs) were calculated by (RO)B3LYP functional [36, 37] at 6-311+G(2d,2p) level. As both non-polar and polar systems have been employed to evaluate anthocyanins' antioxidant activity [12, 13, 19, [38] [39] [40] , a medium polar solvent, acetonitrile, was taken as a model system and the solvent (acetonitrile) effect was taken into consideration on the single-point level by employing the self-consistent reaction field (SCRF) method with a polarizable continuum model (PCM) [41] [42] [43] . For comparison, some parameters were also calculated in the gas phase.
According to the parameters' definitions, O-H BDE = H r + H h -H p , in which, H r is the enthalpy of radical generated through the H-abstraction reaction, H h is the enthalpy of the H-atom, −0.49765 hartree, and H p is the enthalpy of the parent molecule. O-H PDE = H d + H proton -H p , in which, H d is the enthalpy of the molecule derived from proton dissociation, H proton is the enthalpy of the proton, 0.00236 hartree, and H p is the enthalpy of the parent molecule. Molecular enthalpy (H) consists of (RO)B3LYP/6-311+G(2d,2p)-calculated SPE, AM1-derived thermal contributions to enthalpy (TCE, in which the vibrational contributions were scaled by a factor of 0.973) [7, 34] . IP = E t -E p , where E t is the energy of the molecule generated through electron transfer and E p is the energy of the parent molecule. Molecular energy (E) consists of (RO)B3LYP/6-311+G(2d,2p)calculated SPE and AM1-derived zero point vibrational energy (ZPVE, scaled by a factor of 0.973) [7, 34] . To evaluate the effectiveness of the present method in handling oxonium ions, we calculated the BDEs and IP for model molecule 3 (Figure 3 ) by a higher level combined DFT method, labeled as (RO)B3LYP/6311+G(2d,2p)//(RO)B3LYP/631+G(d, p)/(RO)B3LYP/6-31+G(d,p), which means that (RO)B3LYP/6-31+G(d,p) was used to optimize molecular structures and obtain vibrational frequencies and (RO)B3LYP/6-311+G(2d,2p) was employed to give SPE. The (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1 method is thus justified by the newly-calculated BDEs (101.92 kcal/mol for 5-OH; 102.97 kcal/mol for 7-OH) and IP (165.00 kcal/mol), which are very close to the corresponding values presented in Table 4 (101.47 kcal/mol; 102.08 kcal/mol; 164.80 kcal/mol). All the quantum chemical calculations were accomplished using the Gaussian 98 program.
